Mitochondria are home to many cellular processes, including oxidative phosphorylation and fatty acid metabolism, and in steroid-synthesizing cells, they are involved in cholesterol import and metabolism, which is the initiating step in steroidogenesis. The formation of macromolecular protein complexes aids in the regulation and efficiency of these mitochondrial functions, though because of their dynamic nature, they are hard to identify. To overcome this problem, we used Blue-Native PAGE with whole-gel mass spectrometry on isolated mitochondria from control and hormone-treated MA-10 mouse tumor Leydig cells. The presence of multiple mitochondrial protein complexes was shown. Although these were qualitatively similar under control and human chorionic gonadotropin (hCG)-stimulated conditions, quantitative differences in the components of the complexes emerged after hCG treatment. A prominent decrease was observed with proteins involved in fatty acid import into the mitochondria, implying that mitochondrial beta-oxidation is not essential for steroidogenesis. To confirm this observation, we inhibited fatty acid import utilizing the CPT1a inhibitor etomoxir, resulting in increased steroid production. Conversely, stimulation of mitochondrial beta-oxidation with metformin resulted in a dose-dependent reduction in steroidogenesis. These changes were accompanied by changes in mitochondrial respiration and in the lactic acid formed during glycolysis. Taken together, these results suggest that upon hormonal stimulation, mitochondria efficiently import cholesterol for steroid production at the expense of other lipids necessary for energy production, specifically fatty acids required for beta-oxidation.
INTRODUCTION
Protein-protein interactions play many important roles in the cell, from the transmission of intracellular signals to the transfer of intermediates needed for biological functions [1, 2] . The intersection between intracellular signaling and movement of metabolites occurs in the mitochondria during steroid biosynthesis, which is the focus of our research [3] [4] [5] . Steroidogenesis in steroidogenic Leydig cells initiates at the plasma membrane by the binding of the luteinizing hormone (LH) to the G-proteincoupled LH receptor. The activation of the LH receptor results in an increase in intracellular cAMP formation, protein phosphorylation, and free cholesterol present in the cell [6] . These three alterations in these cellular activities converge on the mitochondria to increase the rate of intramitochondrial import of cholesterol, the precursor of all steroids. Cholesterol is translocated into the inner mitochondrial membrane (IMM), where it is metabolized by the cytochrome P450 side chain cleavage (CYP11A1) enzyme into pregnenolone [6] .
Previous work in our laboratory, utilizing Blue-Native PAGE (BN-PAGE), demonstrated that the import of cholesterol into the mitochondria occurs through an 800-kDa protein complex containing outer mitochondrial membrane (OMM) proteins, including the translocator protein (TSPO; 18 kDa) and the voltage-dependent anion channel (VDAC), along with IMM proteins, including the AAAþ ATPase ATAD3A and the CYP11A1 proteins [7] . The import and metabolism of cholesterol for steroid production has previously been shown to be dependent upon a functioning electron transport chain (ETC) and on intramitochondrial ATP production [8, 9] . Because of this observation, we examined whether mitochondrial protein complexes previously identified via BN-PAGE [5, 10] , the mitochondrial ETC and fatty acid import protein complexes, are altered upon initiation of steroid production. Moreover, we investigated whether the alteration of these protein complexes can play a role in the regulation of cholesterol import and steroid production.
The ETC is composed of four different IMM protein complexes, complexes I, II, III, and IV, which function in the transfer of electrons from the reduced nicotinamide adenine dinucleotides (predominantly NADH) to the terminal electron acceptor, oxygen, forming water and using the free energy of electron transport to generate an electrical and proton gradient that is utilized by the cell to generate ATP through the F 1 F 0 ATPase (complex V) [11] . These different protein complexes are demonstrated to interact with each other to form a protein supercomplex composed of ETC complexes I and III or of complexes I, III, and IV together [12] . The formation of this complex is proposed to encourage a more efficient transfer of FIG. 1. Proteins identified to be present in the mitochondria ETC BN-PAGE protein complexes. Isolated mitochondria from control and hCG-treated MA-10 cells were solubilized and run on a BN-PAGE gel. The gel was divided into the indicated molecular weights (MWs) and analyzed via mass spectrometry. Identified proteins were grouped via MitoMiner to be present in the ETC complexes in both control (A) and hCG-treated (B) isolated mitochondria. The differences in the proteins identified from hCG-treated minus the control (C) samples demonstrate a larger-molecular-weight molecular complex containing complexes I, III, and V at MW 1048. Proteins identified to be present in complex I: Ndufa7, Ndufa8, Ndufs1, Ndufb5, Ndufa5, RONE ET AL.
the electrons between complexes, resulting in the decrease of free radical formation with increasing ATP production [13, 14] . These enzymatically active protein complexes have been identified and purified together via BN-PAGE where it has been demonstrated that ETC complexes can regulate their own stability in forming supercomplexes, responding to the energetic needs of the cell [10] , Mitochondrial beta (b)-oxidation metabolizes long-chain fatty acids in the mitochondrial matrix, where it produces acetyl-CoA utilized in the citric acid cycle and donates reducing electrons to NADH and FADH 2 utilized by the ETC [15] . The import of long-chain fatty acids used for boxidation into the mitochondria is the first committed and regulated step in fatty acid oxidation [15] . This process occurs through a large molecular weight OMM protein complex consisting of long-chain acyl-CoA synthase (ACSL), carnitine palmitoyltransferase 1a (CPT1a), and VDAC [5] . ACSL activates the long-chain fatty acids, forming acyl-CoA esters, which are transferred to CPT1a. CPT1a then converts the activated fatty acids into acylcarnitines and assists in the transfer of the acylcarnitines into the mitochondria for utilization in fatty acid oxidation [5] . VDAC is demonstrated to function in the transport and stabilization of the complex.
To determine if these protein complexes are altered upon the initiation of steroid biosynthesis, we used BN-PAGE to separate the protein complexes present in the mitochondria before and after hormone treatment. We then analyzed the gels via mass spectrometry, identifying protein complex changes in the mitochondria treated with and without human chorionic gonadotropin (hCG). The data obtained indicated that there was an increase in ETC protein complex associations, but a decrease in proteins required for fatty acid import for b-oxidation. These results suggested that b-oxidation, as compared to mitochondrial respiration, is not necessary for steroidogenesis. The pharmacological inhibition of fatty acid import resulted in an increase in steroid production, whereas prolonged stimulation of b-oxidation resulted in reduced steroid production, suggesting that upon hormonal stimulation, long-chain b-oxidation of fatty acids appears to be detrimental to steroid-producing mitochondria.
MATERIALS AND METHODS

Materials
Antibodies against ACSL4 were obtained from Santa Cruz Biotechnology Inc.; antibodies against Cox IV, VDAC1, PECI, ACDVL, and CPT1a were from Abcam; antibodies against PMP-70 were from Sigma-Aldrich Co.; and antibodies against TSPO was generated as previously described [16] . Etomoxir (E1905), metformin (PHR1084), and carbonyl cyanide 4-(trifluoromethoxy)-phenylhydrazone (CCCP; C2920) were purchased from Sigma-Aldrich Co.
Cell Culture
MA-10 Leydig cells were a gift from Mario Ascoli (University of Iowa, Ames) and were maintained in Dulbecco modified Eagle medium (DMEM)/ Ham F12 (50:50) supplemented with 5% fetal bovine serum and 2.5% horse serum maintained at 378C and 3.7% CO 2 .
Mitochondrial Isolation and BN-PAGE
Confluent MA-10 cells were harvested in Buffer A (10 mM Hepes-KOH, pH 7.5, 0.2 M mannitol, 0.07 M sucrose, 1 mM EDTA, 13 Complete Protease Inhibitor Cocktail Tablet; Roche Applied Science) using a cell lifter, and centrifuged at 500 3 g for 10 min. The cell pellet was resuspended in five volumes of Buffer A, incubated at 48C for 10 min, and then centrifuged at 500 3 g for 10 min. The cell pellet was resuspended in five volumes of Buffer B (40 mM Hepes-KOH, pH 7.5; 500 mM sucrose; 160 mM potassium acetate; and 10 mM magnesium acetate, 13 Complete Protease Inhibitor Cocktail Tablet) and sonicated for 10 sec. Once complete, cells were centrifuged at 500 3 g for 10 min. The supernatant was pooled and centrifuged at 10 000 3 g for 10 min at 48C to form a mitochondrial pellet. This step was repeated until the desired mitochondrial purity was achieved. The mitochondrial sample was then solubilized with a 1% digitonin buffer at 1 mg/ml and centrifuged at 10 000 3 g for 10 min. A loading dye (5% w/v Coomassie Brilliant Blue G-250, 500 mM e-amino-n-caproic acid, and 160 mM BisTris, pH 7.0) was added to the sample supernatants, loaded onto a 4%-16% native gel (Life Technologies, Thermo Fisher Scientific), and run at 130 V. Once complete, the gel was transferred using a semidry transfer apparatus for 1 h at 25 V. Following that, the membrane was then used for immunodetection.
In-Gel Digestion and Mass Spectrometry
For mass spectrometry analysis of MA-10 isolated mitochondria protein complexes, mitochondrial preparations were separated in triplicate by BN-PAGE. Each BN-PAGE gel was divided into 18 horizontal slices starting at 20 kDa, cut into 3-mm slices, increasing in molecular mass until reaching 1200 kDa, and subjected to in-gel digestion and mass spectrometry, as previously described [7] . Samples identified via mass spectrometry were run through the MitoMiner mitochondrial protein database to identify mitochondrial pathways [17] Normalization of MS data was corrected by calculating the slope of the averaged control versus treated hits, linearity was corrected by multiplying the control hits by 1.32, and the final quantification of total hits was plotted using Excel.
Immunoblot (Western) Analysis
Proteins separated by BN-PAGE or SDS-PAGE were electrophoretically transferred to a nitrocellulose membrane, as previously described [7] . SDS-PAGE membranes were incubated with primary antibodies against TSPO (1:2500), VDAC (1:2000), PMP70 (1:1000), and PECI (1:1000), and SDS-PAGE and BN-PAGE membranes were probed with ACSL4 (1:500), ACDVL (1:1000), CPT1a (1:1000), and cytochrome c oxidase subunit IV (CoxIV; 1:1000). Immunoreactive proteins were visualized using an enhanced chemiluminescence kit (Amersham Biosciences) and horseradish peroxidasegoat anti-rabbit and horseradish peroxidase-rabbit anti-donkey secondary antisera used at 1:5000 and 1:3000 dilutions, respectively.
MA-10 Cell Drug Treatments
We plated 2.5 3 10 4 MA-10 cells into 96-well plates. Serial dilution of etomoxir or metformin was generated from 100, 50, 10, 1, and 0.1 lM in MA-10 cell media. Each dilution of stated drug was then added in triplicate to MA-10 cells in the 96-well plates to assess their effect on basal steroid production or the stated drug concentration was added together with either 50 ng/ml hCG or 40 lM 22R-hydroxycholesterol (22R-HC) to the plate in triplicate, for a total of nine wells for each stated drug concentration. For the 24-h drug incubations, 2.5 3 10 4 MA-10 cells were plated in 96-well plates and cell media were changed after 4 h to include the indicated drug dilutions. After 22 h of incubation with the indicated drug concentration, the media was changed to drug only to assess its effect on basal steroid measurement, or the drug with either 50 ng/ml hCG or 40 lM 22R-HC for the final 2-h incubation of the 24 h incubation. At the end of the incubation media were harvested for radioimmunoassay (RIA) analysis or the cells were treated for the biological assays described below.
Radioimmunoassay
Cells were plated into 96-well plates at a density of 2.5 3 10 4 cells per well and treated with stated concentrations of etomoxir and metformin. After 22 h, selected wells were treated with the stated drug and simultaneously stimulated with 50 ng/ml hCG or 40 lM 22R-HC. Basal levels of steroid production were treated with the stated concentration of the drug and measured after 2 or 24 h of 3 Ndufaf1, Ndufa2, Ndufb1, Ndufa9, Ndufa6, Ndufa13, Ndufs4, Ndufs3, Ndufs7, Ndufv1, Ndufb4, Ndufa10, Ndufa12, Ndufs2, Ndufc2, and Ndufv3. Complex III: Uqcr10, Uqcrc2, Uqcc, Uqcrc1, Uqcrfs1, Uqcrq, and Uqcrb. Complex IV: Cox16, Cox5b, Cox4i1, Cox5a, Cox15, Cox7c, Cox7a2, Cox6b1, and Cox7a1. Complex V: Atp5b, Atp5c1, Atp5o, Atp5h, Atp1a2, Atp5a1, Atp5f1, Atp5i, Atp5l-ps1, Atp5g1, Atp5j2, Atp5l, Atp2a2, Atp2a1, Atp1a1, Atp1b3, Atp13a1, Atp5d, Atp6v0d1, Atp5j, Atp5k, Atp6v1e1, Atp6v1a, Atp6v1b1, Atp6v1b2, and Atp6v1h. incubation. RIA analysis was performed as previously mentioned [18] , with antiprogesterone serum purchased from MP Biomedicals.
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Respiratory Bioflux Analysis
MA-10 cells were plated at 2 3 10 4 cells/well in XF96 plates and incubated with DMEM/F12 regular cell culture medium in a 3.5% CO 2 atmosphere at 378C. Selected wells were treated with stated concentrations of a drug, etomoxir or metformin, for 20 h. The medium was then replaced with unbuffered DMEM XF assay medium (pH adjusted to 7.4 using 1 N sodium hydroxide) supplemented with 2 mM glutamine and 1 g/L glucose with or without stated concentrations of etomoxir or metformin. After media changes, the cells were placed in a 378C CO 2 -free incubator for 2 h. The basal oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were then determined using the XF96 plate reader (Seahorse Bioflux Analyzer; Seahorse Bioscience) using a 2-min mix followed by 5-min measurement. After baseline readings were obtained, the stated drug with or without hCG prepared in the reagent ports was injected into the wells, and the subsequent measurement of OCR and ECAR was obtained. Then, a 1 mM final concentration of CCCP or etomoxir was added to the reagent ports to monitor the alteration in mitochondrial function.
MTT assay
MA-10 cells were seeded at 2.5 3 10 4 cells/well into a 96-well plate and treated with the stated concentration of etomoxir or metformin for 22 h. After 22 h, selected wells were treated only with the stated concentration of the drug or simultaneously stimulated with 50 ng/ml of hCG and the drug. At the end of the treatment, cells were incubated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), as described in the CellTiter 96 NonRadioactive Cell Proliferation Assay (Promega Corporation) based on the conversion of water-soluble MTT to insoluble formazan. Formazan blue formation was quantified at 590 and 690 nm using the Victor multilabel plate reader, and the results were expressed as (OD 590 À OD 690 ). For all experiments, samples were analyzed in replicates of three, for three separate experiments.
ApoTox-Glo Assay
MA-10 cells were plated and treated with specific drug concentrations. At the end of the basal or hCG stimulation, we incubated the cells with reagents from the ApoTox-Glo kit (Promega Corporation), specifically peptide substrate glycylphenylalanyl-aminofluorocoumarin (GF-AFC) and bis-alanylalanyl-phenylalanylrhodamine 110 (bis-AAF-R110). GF-AFC is a cell-permeant substrate that is cleaved by live-cell protease, generating a fluorescent signal that is representative of the number of living cells, and bis-AAF-R110 is a non-cell-permeant substrate that can only be cleaved from proteases that have been released from cells whose membranes have become permeable. A total of 20 ll of the reagent mixture containing GF-AFC and bis-AAF-R110 was added to each well, mixed briefly via orbital shaking for 30 sec, and incubated at 378C for 30 min. Fluorescence was measured at 405 ex /535 em for viability and 485 ex /535 em for cytotoxicity, as measured by a Victor multilabel plate reader. We then added 100 ll of Caspase-Glo 3/7 reagents to each well, mixed by orbital shaking for 30 sec, and incubated for 30 min at room temperature. Luminescence was measured for 1 sec with the Victor multilabel plate reader to determine caspase activation for a measure of apoptosis.
Statistical Analysis
Statistical analysis was performed using the Student t-test and one-way ANOVA, followed by the Dunnett multiple comparison test, using the Prism 4.02 software package from GraphPad Software, Inc.
RESULTS
Identification of Protein Complexes in the Mitochondria Using BN-PAGE
We initiated our characterization of the protein complexes that are present in the mitochondria of MA-10 tumor Leydig cells under basal conditions and after 2 h of hCG stimulation. The mitochondria were isolated from the basal and stimulated cells, and the mitochondrial proteins were separated by BN-PAGE followed by mass spectrometry. We used MitoMiner, an integrated database for the analysis of mitochondrial proteins [17] , to identify the proteins involved in specific mitochondrial pathways identified via the Kyoto Encyclopedia of Genes and Genomes with the number of hits in each gel slice charted (Supplemental Fig. S1 , available online at www.biolreprod.org). The initial analysis of the data generated from BN-PAGE was used to analyze the appearance of protein complexes I, III, and IV of the ETC, which were previously demonstrated to be associated under native conditions as a supercomplex [10, 13] . We were able to identify protein complexes I, III, and IV migrating separately in protein complex form in the mitochondria from both control (Fig. 1A ) and hCG-treated cells (Fig. 1B) . Subtracting the number of control mass spectrometry hits at each band from the corresponding number of hCG hits to identify the differences between the conditions, we were able to identify the presence of a higher-molecular-weight protein complex that forms following hCG stimulation, consisting of ETC complexes I and III (Fig. 1C) . We also identified complex V and ATP synthase (which was present around 600 kDa), which increased in a higher-molecular-weight complex after hCG stimulation. These results confirm that the methodology used is able to both identify protein complexes present in the mitochondria and expose changes in the protein complex formation after hormonal stimulation.
Reduction in b-Oxidation Proteins in Steroid-Producing Mitochondria
Quantification of the protein complexes involved in boxidation by mass spectrometry failed to identify a clear protein complex necessary for metabolism in either control ( Fig. 2A) or hCG-treated (Fig. 2B ) samples, with many of the proteins distributed throughout the gel. Upon analysis of the hCG minus the control data (Fig. 2C) , we observed a decrease in the amount of proteins necessary for the initiating step in boxidation, specifically long-chain ACSL and acyl-CoA dehydrogenase (Fig. 2C) . We then performed BN-PAGE immunoblot analysis of both the control and hCG-treated isolated mitochondria targeted against the proteins identified to be altered upon hormonal stimulation, so as to confirm the mass spectrometry results. The immunoblot analysis demonstrated that long-chain ACSL, ACSL4, and acyl-CoA dehydrogenase, ACADVL, exhibited a reduced mitochondrial association upon hormonal stimulation (Fig. 2, D and E) . We observed no changes in the integral membrane protein, CPT1a, as seen in the mass spectrometry analysis. Cox IV was used as our loading control, as we observed no change in its expression levels by mass spectrometry analysis. As importing fatty acids into the mitochondria is essential in initiating b-oxidation, these results suggest that the rate of b-oxidation may decrease during hormone stimulation, negatively correlating with the concomitant import of mitochondrial cholesterol and subsequent steroid production.
Inhibition of b-Oxidation Does Not Affect Steroid Production
To investigate whether b-oxidation is required for steroid production, the import of fatty acids into the mitochondria was inhibited using the CPT1a inhibitor etomoxir. Etomoxir works by binding to the malonyl-CoA binding site of CPT1a, which acts by preventing the import of fatty acids [19] . As etomoxir is proposed to rapidly inhibit fatty acid import into the mitochondria, we incubated etomoxir at the indicated concentration and measured the basal levels of steroid production after 2 h. The treatment resulted in an increase in steroidogenesis at the highest dose of etomoxir (Fig. 3A) . Concomitant treatment of MA-10 cells with etomoxir and hCG did not alter steroid production (Fig. 3B) , corroborating the hypothesis that boxidation is not necessary for steroid production to occur. To ensure that the various treatments used did not alter mitochondrial function, we incubated the cells with 22R-HC, a membrane-permeable cholesterol analog whose metabolism ensures that CYP11A1 is functional. In the presence of 22R-HC and etomoxir, we noted no change in progesterone formation by the MA-10 cells (Fig. 3C) .
Confirmation of b-Oxidation-Oxidation Alteration by Etomoxir
To confirm that etomoxir was inhibiting fatty acid import and, therefore, b-oxidation, we used the Respiratory Bioflux analyzer that monitors the real-time OCR and the ECAR of the cell. OCR is a measure of mitochondrial respiration, and ECAR provides a readout of the production of lactic acid formed during glycolysis [20] . Confirmation of the inhibition of boxidation has been demonstrated to result in a decrease in oxygen consumption, leading to reduced OCR. The decrease in mitochondrial oxygen consumption results in a decrease in ATP; to maintain ATP levels, the rate of glycolysis is increased, as can be observed through an increase in ECAR [20] . Upon incubation of etomoxir with the MA-10 cells, we were able to observe a dose-dependent decrease in OCR (Fig.  3D ) and a corresponding increase in ECAR (Fig. 3E) . To determine the total mitochondrial utilization of oxygen, we then incubated the cells with the mitochondrial protonophore CCCP, which dissipates the protonic mitochondrial membrane potential and promotes futile respiration. Increasing amounts of etomoxir reduced the maximal OCR, which was seen upon the addition of CCCP, while not altering ECAR. These results suggest that the cells are generating more of their ATP from glycolysis and not from the mitochondria (Fig. 3, D and E,  second arrow) .
Because of the altered rate of oxygen consumption, we wanted to ensure that the health of the cell was not altered. MTT, a compound that is metabolized to an insoluble purple formazan by oxidoreductase enzymes present in the ETC [21] , was used to measure mitochondrial health. Cells were incubated with increasing concentrations of etomoxir for a 2-h incubation period with or without hCG, after which the MTT assay was performed. The results obtained showed a dosedependent increase of absorbance at lower concentrations of etomoxir, indicating a higher rate of MTT metabolism and, therefore, increased mitochondrial activity followed by a decrease in MTT metabolism at higher doses of etomoxir (Fig. 3, F and G) . To determine whether these changes represented an alteration in ATP production, we measured the amount of ATP present in the cells after a 2-h incubation period with etomoxir. No significant changes in basal (Fig. 3F) or hCG-stimulated cells (Fig. 3G) were observed. To ensure that there is no change in cell viability, and that the reduction in the MTT readings are due to altered mitochondrial function, we measured the viability, cytotoxicity, and caspase activation of the treated cells. Upon treatment with etomoxir, we noticed no significant change in either basal (Fig. 3H ) or hCG-treated cells (Fig. 3I ) in terms of cell viability, cytotoxicity, or caspase activation. Taken together, these data suggest that b-oxidation is not required for steroid production, and that the inhibition of b-oxidation is not detrimental to overall MA-10 cell health.
Long-Term Inhibition of b-Oxidation Increases Steroid Production
Given that a 2-h inhibition of b-oxidation did not alter hormone-stimulated steroid production, we subsequently pretreated MA-10 cells with increasing concentrations of etomoxir for 24 h and measured both basal and hormonestimulated levels of steroid production. In both conditions, etomoxir induced a dose-dependent increase in steroid production (Fig. 4, A and B) , whereas cotreatment with 22R-HC showed no alteration in steroid production (Fig. 4C) . These data indicate the increased mitochondrial import of cholesterol for steroid production under both control and hCG-stimulated conditions. Respiratory Bioflux analysis after 24-h treatment with etomoxir indicated a similar decrease in the OCR (Fig.  4D) , along with an increase in ECAR (Fig. 4E) . After the addition of CCCP, we observed a decrease in the maximal oxygen consumption, with no alterations observed in ECAR at the highest doses of etomoxir (Fig. 4, D and E, second arrow) , confirming the results from the previous experiment, indicating that the mitochondria are not energetically utilizing oxygen to its full capacity.
We then measured ATP production rates and found no significant alterations in either basal (Fig. 4F) or hCGstimulated cells (Fig. 4G) , but a significant decrease was observed in MTT metabolism (Fig. 4, F and G) . These 3 hCG (first arrow), confirming the inhibition of fatty acid import into the mitochondria. Upon addition of CCCP (second arrow), we observed the rise in OCR, demonstrating the total oxygen consumption from the mitochondria, and a rise in ECAR, representing the increase in glycolysis. The points shown represent the mean 6 SEM of three experiments, with six replicates per experiment. Incubation of the stated etomoxir concentrations resulted in the decrease in basal (F) and hCG-stimulated MTT (G) readings, but they did not result in significant alterations in ATP production. Overall, cellular health was observed in basal (H) or hCG-stimulated MA-10 (I) cells in the presence of etomoxir, demonstrating no changes in either cytotoxicity or caspase activation at the stated concentration of etomoxir as compared to control MA-10 cells. In addition, a slight decrease in viability was observed at the highest concentration of etomoxir upon hCG stimulation. The points shown represent the mean 6 SEM of the three experiments, with three replicates per experiment. Samples are normalized to control steroid production from each experiment.*P , 0.05, ***P , 0.001.
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FIG. 4. Long-term inhibition of b-oxidation in MA-10 cells increases hormone-stimulated steroid production. MA-10 cells were treated for 24 h with stated concentrations of etomoxir. Steroid production was measured in basal conditions (A; control ¼ 32 ng progesterone/mg protein), 50 ng/ml of hCG (B; control ¼ 662.9 ng progesterone/mg protein), or 22R-HC (C; control ¼ 2496 ng progesterone/mg protein) for 2 h. We then demonstrated a statistically significant increase in both basal and hormone-stimulated steroid production. Respiratory extracellular flux analysis confirmed that the OCR (D) was decreased and the ECAR (E) was increased as compared to control (media/hCG; first arrow). Upon the addition of CCCP (second arrow), we observed the findings further support a reduced role of mitochondria in the energy production in these cells. However, the overall health of the cells was not altered, as we observed no alterations in cell viability, cytotoxicity, or caspase activation in the basal (Fig. 4H) or hCG-stimulated MA-10 cells (Fig. 4I) .
Etomoxir treatment did not affect the expression of either ACSL4 or ACADVL, normalized to mitochondrial ETC protein CoxIV, as shown by immunoblot analysis (Fig. 5A) ; change in the expression of either protein would alter boxidation. Given that etomoxir also functions as a peroxisome proliferator-activated receptor (PPAR)-a antagonist, we then wanted to assess whether the treatment was affecting peroxisomal proliferation. This could be potentially confounding, as peroxisomal proliferation can also contribute to short-chain fatty acids that are permissible to the mitochondria, bypassing CPT1a [22] . We identified no changes in the peroxisomal membrane protein, PTP70, along with PECI (a peroxisomal matrix protein) (Fig. 5B) . In addition, no changes were observed in the mitochondrial proteins VDAC and TSPO. These findings indicate that etomoxir is functionally active at its main target site, the CPT1a fatty acid import complex.
Stimulation of b-Oxidation Results in a Decrease in Steroid Production
To confirm that mitochondrial b-oxidation is not necessary for MA-10 cell steroid production, and to verify that it could possibly be detrimental, cells were treated with metformin. Metformin has been proposed to stimulate b-oxidation by activating the 5 0 AMP-activated protein kinase pathway [23] , which results in the phosphorylation of acetyl-CoA carboxylase, decreasing the production of the CPT1a inhibitor malonylCoA, and resulting in the increase of imported mitochondrial fatty acid [24] . Upon the addition of increasing concentrations of metformin to the MA-10 cells for 2 h, we observed a decrease in basal (Fig. 6A) but not in hCG-treated (Fig. 6B ) or 22R-HC-supported (Fig. 6C ) steroid production. Considering that these results are the opposite of what we observed with etomoxir, we propose that the short-term regulation of mitochondrial energy production affects basal steroid production, but not hormone-induced steroidogenesis.
Respiratory Bioflux analysis did not show any significant alterations in oxygen consumption or pH in the extracellular media (Fig. 6 , D and E) in response to metformin treatment. Upon the addition of etomoxir, a slight increase in ECAR was observed (Fig. 6E, second arrow) , suggesting that there is a trend towards increased mitochondrial respiration that is altered upon the inhibition of fatty acid import. No significant changes in response to metformin treatment were observed in terms of mitochondrial function and ATP production in control (Fig. 6F) or hCG-treated cells (Fig. 6G) . Cellular viability analysis indicated that there was a decrease in response to the addition of metformin in terms of both cytotoxicity and cell viability with no effect on caspase activation in control (Fig. 6H ) and hCG-treated cells (Fig. 6I) . The cell viability assay is representative of the total living cells, whereas the cytotoxicity measurement represents the cells with permissible plasma membranes. As the viability signal decreases, the cytotoxicity signal should increase; therefore, these results suggest that metformin is not toxic, but it possibly alters the cellular proliferation rate or cell membrane properties.
Long-Term Incubation of Metformin Decreases HormoneMediated Steroid Production
Twenty-four-hour incubation with increasing concentrations of metformin resulted in no changes in basal (Fig. 7A ) and 22R-HC-supported (Fig. 7C) steroid production (Fig.  7A) . However, the treatment resulted in a significant decrease in hCG-stimulated steroid production (Fig. 7B) . 
BETA-OXIDATION IN LEYDIG CELL STEROIDOGENESIS
FIG. 6. Stimulation of b-oxidation for 2 h results in a decrease in basal steroid production. MA-10 cells were treated for 2 h with stated concentrations of metformin. Steroid production was measured in basal conditions (A; control ¼ 22.7 ng progesterone/mg protein), 50 ng/ml hCG (B; control ¼ 317.8 ng progesterone/mg protein), or 22R-HC (C; control ¼ 2659 ng progesterone/mg protein), demonstrating a significant decrease in basal steroid production. Respiratory extracellular flux analysis identified that the OCR (D) and the ECAR (E) were unchanged upon the addition of metformin (first arrow). Upon the addition of etomoxir (second arrow), we observed a decrease in OCR and an increase in ECAR, as previously seen. The points shown represent the mean No significant changes were observed in the OCR or ECAR rates measured by the Respiratory Bioflux analysis following 24-h treatment with metformin (Fig. 7, D and E) . Although mitochondrial function was increased in control cells in response to metformin treatment (Fig. 7F) , in hCGstimulated cells (Fig. 7G) , both mitochondrial function and ATP levels were unaltered. Reductions in cell viability and cytotoxicity were observed in basal conditions (Fig. 7H) , as previously seen with the 2-h incubation with the drug. The overall health of cells treated with metformin was not altered upon hCG stimulation, as demonstrated by the fact that no changes were observed in caspase activation, cell viability, and cytotoxicity (Fig. 7I) . However, a decrease in steroid production was observed, suggesting that the increase in mitochondrial b-oxidation might be the primary cause of these phenomena.
DISCUSSION
We report herein that BN-PAGE paired with mass spectrometry allowed for the identification of changes in known protein complexes, which occur in MA-10 Leydig cell mitochondria in response to hormone (hCG) treatment. Although in this report we have focused our efforts on the documented protein complexes of the ETC and fatty acid import for b-oxidation, this process can be used to study other mitochondrial processes [5, 10, 15, 25] .
Upon the analysis of ETC complexes, we were able to establish the formation of a supramolecular complex of ETC components between complexes I and III following hormonal stimulation. We identified no changes in complex IV location both before and after hormonal stimulation. It has been demonstrated that the lack of an interaction between complex IV and the complex I and III supercomplex results in the altered stability of complex I [26] . In previous studies, we demonstrated that the inhibition of MA-10 cell complex I via rotenone did not alter the membrane potential or ATP production at doses that affected primary mouse Leydig cells [9] . This observation suggests that the lack of complex IV interacting with other complexes could be one of the reasons for the altered complex I function. As complexes I and III still interact to start the initial formation of a respirasome, these complexes could result in increased efficiency of electron transport, resulting in decreased generation of free radicals [10] . As the generation of free radicals has been observed to be increased upon the initiation of steroid production [27] , the initiation of the formation of a supercomplex identified here could suggest that the increased electron leakage from the mitochondria might not be due primarily to the ETC, but to other intracellular sources, specifically the hydroxylation of cholesterol required for steroid biosynthesis [28] .
Given that the IMM is normally cholesterol poor, the increase of cholesterol levels imported into the IMM in response to hormone treatment could function in the thickening and stiffening of the membranes. This increase in the rigidity of the IMM is proposed to decrease the enzymatic activity or mobility of the components of the ETC [29] . As we observed, there were no alterations in the oxygen consumption in basal versus hCG-stimulated cells (Fig. 3D) , indicating that it is likely that the ETC supercomplex formation could compensate for the changes in membrane composition, ensuring more efficient transfer of electrons between complexes.
We then continued investigating the effect of hormonal stimulation on b-oxidation in MA-10 cells, attempting to identify the protein complex required for the import of fatty acids (as described by Lee et al. [5] ), which includes ACSL4, CPT1a, and VDAC. We identified these proteins in the BN-PAGE datasets, but we were unable to show whether they were interacting as a unitary protein complex. This could be due either to the different solubilization techniques used herein, as compared to those used by Lee et al. [5] (e.g., digitonin compared to Triton X-100), or to the use of a Leydig cell line, as compared to mouse liver primary cells. Nevertheless, upon hormonal stimulation, we did observe a decrease in ACSL4, which is the protein required for the activating step of fatty acid import, with no significant changes found in CPT1 and CPT2. Because mitochondrial b-oxidation cannot occur without the import of fatty acids via ACSL4, these results suggest that boxidation is not critical for steroidogenesis.
To confirm this observation, we used the b-oxidation inhibitor etomoxir, which binds to CPT1a and prevents the import of fatty acids into the mitochondria. Short-term (2-h) treatment of MA-10 cells with etomoxir increased basal steroid production, but it did not alter hormone-stimulated steroid production, confirming the observation that b-oxidation is not necessary for steroid production. However, long-term (24-h) incubation of MA-10 cells with etomoxir resulted in increased basal and hCG-stimulated steroid production. Incubation of etomoxir at both time points also demonstrated a decrease in oxygen consumption and an increase in lactic acid production. As we also observed no alteration of ATP production, we concluded that a shift to glycolysis is occurring upon the inhibition of b-oxidation in the mitochondria. This shift to glycolysis appears to be beneficial in steroid production, possibly because of the fact that the extramitochondrial energy supply would allow the mitochondria to focus on steroid production and not on the cell's energetic demands. Conversely, we also demonstrated that increasing the rate of b-oxidation in the cells via treatment with metformin decreases steroid production. However, as metformin treatment does not alter the rate of glycolysis or mitochondrial ATP production, as seen by the Respiratory Bioflux analysis, it suggests that the act of importing fatty acids itself is inhibitory to steroid production.
Fatty acids have previously been shown to be inhibitory towards primary Leydig cell steroid production [30] , but it is unknown whether the fatty acid import into the mitochondria or the b-oxidation is detrimental to steroid production. We have previously shown that the primary isoform of VDAC in the mitochondria, VDAC1, is associated with the protein complex that is necessary for cholesterol import in MA-10 cells, and Lee et al. demonstrated that VDAC1 is associated with the fatty acid import complex [5, 7] . In fatty acid import, VDAC1 is proposed to function in the regulation of the import of activated fatty acids into the inner membrane space. Upon analysis of our mass spectrometry results, it was observed that CPT1a was not affected by hormone treatment, but VDAC1 shifted into a 3 6 SEM of the three experiments, with six replicates per experiment. Incubation of the stated metformin concentrations for 2 h resulted in no alterations in basal (F) or hCG-stimulated MTT (G) readings or measurement of ATP production. Overall cellular health was observed, demonstrating no change in caspase activation, but a decrease in both cell viability and cytotoxicity in basal (H) and hCG-stimulated MA-10 (I) cells at stated concentrations of metformin. The points shown represent the mean 6 SEM of the three experiments, with three replicates per experiment. Samples are normalized to control steroid production from each experiment. *P , 0.05, **P , 0.01, ***P , 0.001.
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FIG. 7. Long-term incubation of metformin results in a decrease in basal and hCG-stimulated steroid production. MA-10 cells were treated for 24 h with stated concentrations of metformin. Steroid production was measured in basal conditions (A; control ¼ 14.7 ng progesterone/mg protein), 50 ng/ml hCG (B; control ¼ 319 ng progesterone/mg protein), or 22R-HC (C; control ¼ 2603 ng progesterone/mg protein). Respiratory extracellular flux analysis identified that the OCR (D) and the ECAR (E) were unchanged upon the addition of metformin (first arrow). Upon the addition of etomoxir (second arrow), we observed a decrease in OCR and an increase in ECAR, as previously seen. The points shown represent the mean 6 SEM of the three experiments, with six higher-molecular-weight complex where TSPO is known to associate with and import cholesterol into the IMM [7] . This observation suggests that VDAC1 might provide the regulatory mechanism through which the import of lipids into the mitochondria could be selected. Indeed, it is likely that VDAC1 could select the lipid that would most benefit the cell by sensing or controlling the energy requirements of the mitochondria.
Our results also suggest that upon hormonal stimulation, the mitochondria function in the import of cholesterol, decreasing the overall import of fatty acids into the mitochondria. This raises the question of the role of acyl-CoA-binding protein 1 (ACBD1), also known as diazepam-binding inhibitor, which has been demonstrated to be necessary for steroidogenesis to occur in the Leydig cells [31] . ACBD1 binds and facilitates the transport of long-chain acyl-CoA esters in the cytosol, along with the regulation of cytosolic pool formation [32] . Therefore, it could be proposed that ACBD1 binds fatty acids, pooling them at the OMM after activation by ACSL, preventing them from being imported into the mitochondria. However, ACBD1 is not a mitochondrial protein, and as such it was not found in the mass spectrometry results; thus, at present, it is currently unknown what role ACBD1 would play in this process.
The data presented here demonstrate the power of the methodology used to identify the changes in protein complexes that could regulate the transport of metabolic intermediates and electron transport in the production of ATP in the mitochondria under various treatments in MA-10 mouse Leydig cells. Our initial results generated by mass spectrometry identified a decrease in the proteins associated with b-oxidation, a result that was later confirmed through the inhibition of fatty acid import via etomoxir. As the rate-limiting step in steroid production has been demonstrated to be the import of cholesterol into the mitochondria for metabolism by CYP11A1 [6] , our results suggest that the ability of the mitochondria to efficiently import cholesterol for steroidogenesis at the expense FIG. 8. Schematic representation of the role of fatty acid import into the mitochondria in the regulation of mitochondrial steroid production. The import of fatty acids into the mitochondria under wild-type conditions has been proposed to occur through VDAC and CPT1a, whereas cholesterol has been proposed to be imported via VDAC and TSPO. Upon inhibition of CPT1a via etomoxir, a decrease in fatty acid import is observed with an increase in imported cholesterol, which can be observed via an increased steroid production. Increasing fatty acid import through the use of metformin results in a decrease in the amount of cholesterol imported, which is determined via a decrease in steroid production.
3
replicates per experiment. Incubation of the stated metformin concentrations for 24 h resulted in MTT activity in basal conditions (F), but no significant changes in ATP production or hCG stimulation (G) were noted. Overall cellular health was observed upon the basal incubation of metformin (H), which resulted in a decrease in cell viability and cytotoxicity. I) Upon hCG stimulation, no demonstrated changes were observed in caspase activation, cell viability, or cytotoxicity at the stated concentrations of metformin. The points shown represent the mean 6 SEM of the three experiments, with three replicates per experiment. Samples are normalized to control steroid production from each experiment. *P , 0.05, **P , 0.01, ***P , 0.001.
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of other lipids can be regulated by the energetics of the mitochondria (Fig. 8) . Furthermore, through the use of BN-PAGE, we identified multiple mitochondrial protein complexes that function in the regulation of steroidogenesis, demonstrating that the overall structural framework of the mitochondria is important in the regulation of steroid production and many other mitochondrial processes.
